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ABSTRACT: The shortage of available fresh water is one of
the global issues presently faced by humanity. To determine
a solution to this problem, the survival strategies of plants
have been examined. In this study, a nature-inspired
membrane with a highly charged surface is proposed as an
eﬀective membrane for the ﬁltration of saline water. To
mimic the desalination characteristics of mangrove roots, a
macroporous membrane based on polyethylene terephtha-
late is treated with polyelectrolytes using a layer-by-layer
deposition method. The fabricated membrane surface has a
highly negative charged ζ-potential value of −97.5 ± 4.3 mV,
similar to that of the ﬁrst layer of mangrove roots.
Desalination of saline water using this membrane shows a
high salt retention rate of 96.5%. The highly charged surface of the membrane may induce a relatively thick and stable ion
depletion zone in front of the membrane. As a result, most co-ions are repelled from the membrane surface, and
counterions are also rejected by virtue of their electroneutrality. The water permeability is found to be 7.60−7.69 L/m2·h,
which is 10 times higher than that of the reverse osmosis desalination method. This nature-inspired ﬁltration membrane
exhibits steady desalination performance over 72 h of operation, successfully demonstrating the stable ﬁltration of saline
water. This nature-inspired membrane is applicable to the design of a small-scale, portable, and energy-free desalination
device for use in third-world countries or small villages.
KEYWORDS: nature-inspired, membrane, mangrove, surface ζ-potential, desalination, polyethylene terephthalate,
layer-by-layer deposition
The shortage of drinkable water has been a serious globalconcern for a long time.1 A notable method to resolvethis water shortage is the ﬁltration of seawater, which
accounts for approximately 97% of all the available water
resources on Earth.2 The conventional desalination method
used at present is reverse osmosis (RO). However, this method
has several problems, including high-energy consumption,3
additional treatment of the membrane to prevent fouling,4 and
poor durability.5 Thus, diﬀerent methods for the eﬀective
desalination of seawater, such as omniphobic desalination
membranes,6 immobilized carbon nanotubes,7 titania ceramic
membranes,8 and silica nanoparticle incorporated poly-
(vinylidine ﬂuoride) membranes9 have been introduced.
These methods have high desalination eﬃciencies. However,
most of them still have limitations that keep them from being
widely adopted in industries or daily life, including a high
fabrication cost, multistep fabrication requirements, and the use
of harmful substances. To break this trend, we sought an
environmentally friendly solution inspired by plants, as plants
have considerable adaptability in their morphology and
physiology for use as survival strategies in extreme environ-
ments.10
Salinity is a major environmental stress factor aﬀecting the
growth and productivity of plants. Sodium is the principal toxic
ion in saline water, which imparts osmotic and ionic stress to
plants. As the salt content of a habitat increases, it becomes
more diﬃcult for plants to take in water. Plants in saline areas
must eﬀectively ﬁlter saline water to ensure their survival, as
fresh water is essential for various metabolic activities.
Fortunately, some plants can survive under these harsh saline
conditions. These plants are called halophytes. Among
halophytes, we focused on the mangrove, which is known for
its special ultraﬁltration system that can ﬁlter nearly 90% of
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sodium ions in saline water through its roots. In our previous
study, the morphological, functional, and chemical properties of
the mangrove roots were experimentally analyzed. The ﬁrst
sublayer of the outermost layer which plays a prominent role in
ﬁltering sodium ions from saline water has macroporous
structures with relatively large pores of 100 nm in diameter. In
addition, the surface ζ-potential of the ﬁrst layer is
approximately −91.4 ± 0.93 mV, which is considerably higher
than that of conventional membranes used for ﬁltration. When
the outermost layer of mangrove roots is directly used as a
membrane ﬁlter, 62% of sodium ions were ﬁltered on average.11
Based on this previous study, a spontaneous water ﬁltration
method is proposed by adopting a highly negative charged
membrane for utilizing the electrokinetic and hydrodynamic
transportation of sodium ions of saline water.
When a substance comes in contact with an electrolyte
aqueous solution, its surface acquires a surface charge.12 The
charged surface redistributes the nearby ions in the electrolyte
solution. Ions of the opposite charge to that of the surface,
known as counterions, are attracted toward the surface, whereas
ions with alike charge, called co-ions, are repelled from the
surface. In this study, the water ﬁltration mechanism of
mangrove roots is biomimicked to develop a desalination
system. Using the electrokinetic and hydrodynamic phenom-
enon, a nature-inspired membrane is devised to ﬁlter sodium
ions from saline water without any post-processing. Most of the
sodium ions are rejected in front of the membrane, as the
mangrove-inspired membrane has a highly charged surface
(Figure 1A). A theoretical analysis of the concentration
variation in the membrane is conducted to demonstrate how
sodium ions are ﬁltered out by the highly negative charged
membrane (Figure 1B). The fabricated membrane exhibits a
high salt rejection rate of 96.5% and good water permeability of
7.65 L/m2·h during 72 h of operation.
RESULTS AND DISCUSSION
To investigate the eﬀects of the pore conﬁguration and the
surface charge of the proposed membrane on the ﬁltration
performance, four kinds of membranes with diﬀerent pore sizes
and surface ζ-potentials were tested (Table S1). We simply
assumed the electric potential gradient to be surface ζ-potential
diﬀerence along the membrane.13,14 The surface ζ-potential of
the fabricated membranes was measured using a Zetasizer Nano
(Malvern Co., Worcestershire, UK). Polystyrene latex beads
(Malvern Co., Worcestershire, UK) with particle charge of −42
± 4.2 mV were used as tracers (Figure 2B). The polystyrene
latex standard was in aqueous buﬀer at pH 9. The surface ζ-
potential of the carboxylation polyethylene terephthalate
(PET) membrane was measured to be -62.5 ± 3.8 mV. The
surface ζ-potential of the polyallylamine hydrochloride (PAH)
membrane, on which the positively charged ﬁlm is deposited,
was −36.2 ± 4.4 mV, and that of the PAH−PSS (polystyrene
sulfonate) membrane, which has negatively charged electrolytes
on the surface, was −97.5 ± 4.3 mV. The surface ζ-potential of
the PAH−PSS membrane is similar to that observed in the ﬁrst
layer of mangrove roots.11
Figure 3A shows the experimental setup used in the present
study. A 100 mM sodium chloride (NaCl) solution was
supplied into the reservoir, and ﬁltered water exited through a
connector. The connector was coupled to a conductivity
microelectrode. Suction pressure was applied by a syringe
pump. The suction ﬂow rate of the syringe pump was ﬁxed at
10 μL/min. The syringe pump was continuously operated for 3
days to ﬁlter saline water. A silicon sheet was inserted between
the membrane and acryl plate for tight sealing. Variations in the
solution conductivity according to the concentration of the
sodium chloride solution are depicted in Figure S1. At the start
of the inﬁltration process, the initial pressure applied to the test
membrane was 101.31 kPa. The applied pressure was rapidly
decreased to 62.53 kPa over the initial period of 45 min and
then maintained at approximately 40.11 kPa (Figure S2). The
provided NaCl solution was ﬁltered through the test
Figure 1. Schematic representation of the water ﬁltration across the
membrane. (A) Schematic diagram illustrating the ion rejection by
the nature-inspired membrane. The left side of the membrane is
ﬁlled with a sodium chloride solution. Most of the ions are rejected
in front of the membrane because of the negatively charged surface.
(B) Highly charged surface forms an ion-depleted layer (yellow
region) in front of the membrane. Water molecules (blue) pass
through the membrane, whereas sodium ions (red, small) and
chloride ions (green, big) are rejected. As a result, the
concentration of the feed solution is sharply decreased (c ̃ =
nondimensional concentration, J ̃ = nondimensional ionic ﬂux, x ̃ =
nondimensional longitudinal position, and Pe = Pećlet number).
Figure 2. Membrane characteristics. (A) Illustrative schematic
diagram of the sequential surface charge modiﬁcation through
layer-by-layer deposition of polyelectrolytes. The PET-based
membrane is treated using PAH and PSS. (B) Comparison of the
surface ζ-potential of the three tested membranes. Each measure-
ment is repeated three times. (C) Pore size variations of two
diﬀerent membranes with pore sizes of 100 nm (blue square) and
200 nm (red circle). They exhibit a uniform pore size distribution.
The pore size distribution inside the membrane is conﬁrmed using
X-ray nano-computed tomography.
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membrane. This ﬁltration process was repeated twice for each
case. Each experiment for a diﬀerent set of conditions was
repeated three times.
The ﬁltering performance of the membrane is illustrated in
Figure 3B. When PAH membrane (case 3, Table S1) was used,
the conductivities were maintained at almost the same level,
even after repeated ﬁltration. This indicates that very few
sodium ions are ﬁltered during the second ﬁltration process.
However, the conductivity of the solution ﬁltered through the
PAH−PSS membrane (case 4, Table S1) decreased from
11 270 to 6803 μS/cm after the ﬁrst ﬁltration and then
decreased from 6803 to 480 μS/cm after the second ﬁltration.
This result indicates that the highly charged surface of the
PAH−PSS membrane rejects a large amount of the sodium
ions. The average concentration of the ﬁrst ﬁltered NaCl
solution was 60 mM, and the average concentration of the
twice-ﬁltered solution was 3.5 mM. This indicates that
approximately 96.5% of the sodium ions in saline water are
ﬁltered after repeating the ﬁltration process. The maximum
ﬂow rate of the ﬁltered water was approximately 20 μL/min. In
general, counterions are attracted toward the charged surface
while co-ions are repelled from the charged surface.15 Thus,
counterions become more dominant than co-ions in the region
near the membrane surface, as the magnitude of surface ζ-
potential increases. Since the PAH−PSS membrane has a high
magnitude of ζ-potential, there is a high concentration of
counterions in the near surface region and the electroneutrality
is re-established at a suﬃcient distance away from the charged
membrane surface. However, due to a Brownian motion eﬀect,
counterions are not ﬁrmly anchored on the charged surface.15
As a consequence, a potential diﬀerence is established on the
membrane surface, which is called the Donnan potential. The
Donnan potential tends to exclude co-ions from the membrane
surface. To satisfy the requirement of electroneutrality, which
arises from the energetic cost of charge separation, counterions
are also rejected in front of the charged surface.16 The rejection
of both counterions and co-ions causes the formation of an ion
depletion zone on the membrane surface. As the thickness of
the ion depletion zone is largely aﬀected by the surface ζ-
potential of the membrane, the highly charged PAH−PSS
membrane might form an ion depletion zone thicker than that
of the moderately charged PAH membrane. As a result, the
sodium ion ﬁltered water easily passes through the PAH−PSS
membrane, even though the same hydraulic pressure is applied
to the PAH membrane.
To achieve a better understanding of the pore size eﬀect on
the surface-charged membrane, two kinds of membranes with
pore sizes of 100 and 200 nm (case 1 & 2, Table S1) were
tested (Figure 2C). The pores in the membranes had a uniform
size distribution along the depth direction to minimize the
electric double layer overlapping phenomenon that occurs
inside the membrane. When the pore size was 100 nm, the
average concentration of the ﬁrst ﬁltered water was 68 mM, and
that of the twice-ﬁltered water was 12 mM. The ion rejection
rate of the carboxylation PET was slightly decreased compared
to that of the PAH−PSS membrane, which has a more
negatively charged surface. As the pore size increased to 200
nm, the average concentration of the ﬁrst ﬁltered water was 71
mM, and that of the twice-ﬁltered water was 19 mM. This
indicates that the membrane with the smaller pore size has a
higher ﬁltration eﬃciency. However, the eﬃciency is not
signiﬁcantly decreased, which implies that pore size eﬀect does
not play an important role in the scope of the present
experiment when the magnitude of surface ζ-potential is
noticeably higher like the mangrove roots.
To characterize the ﬁltration process, a theoretical analysis
was conducted. For this analysis, electroneutrality, a ﬁxed
diﬀusivity for each ionic species, and no anion ﬂux through the
membrane were assumed. The analytic solution of the
nondimensional concentration (c)̃ is given by
̃ = ̃ −
̃ ̃⎛
⎝⎜
⎞
⎠⎟c J
J Pex
Pe
Pe
exp( )
exp( )
/
(1)
where J ̃ is the dimensionless ionic ﬂux through the membrane,
Pe is the Pećlet number, which is deﬁned as the ratio of the
convective transport rate to the diﬀusive transport rate, uL/D
(u is the local ﬂow velocity, L is the characteristic length, and D
is the diﬀusion coeﬃcient), and x ̃ is the dimensionless
longitudinal coordinate. Detailed procedures to determine the
analytical solution are appended in the Materials and Methods
section. Figure 3D shows the nondimensional concentration
distribution along the depth direction of the membrane
depicted as a function of Pe. The condition of c ̃ = 0 is satisﬁed
Figure 3. Filtration of sodium ions using the nature-inspired
membranes. (A) Schematic of the experimental setup. Four types of
membranes with diﬀerent surface ζ-potentials and pore sizes are
inserted between two silicon sheets. The feed solution (100 mM) is
continuously supplied to the reservoir, and a suction pressure is
applied to the bottom of the membranes. The electrical
conductivity of the ﬁltered water is monitored in real time using
a conductivity microelectrode. Variations of the conductivity of the
ﬁltered water due to the modiﬁcation in (B) surface ζ-potential and
(C) pore size. The ﬁltration process is repeated twice for each case.
During the experiment, the temperature and relative humidity of
the chamber are maintained at 26 ± 1 °C and 52 ± 4%,
respectively. (D) Variations of the nondimensional concentration
inside the membrane for a ﬁxed ionic ﬂux of J ̃ = 0.1. (E) Temporal
variations of the water ﬂux (red circle) and salt rejection rate (blue
square) across the PAH−PSS membrane.
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after ﬁltration. The nondimensional ionic ﬂux (J)̃ is assumed to
be 0.1 by reﬂecting the experimental conditions. The physical
intuition obtained from this concentration distribution is that
the condition of low Pe provides good ﬁltration performance
because it has better depletion eﬃciency compared to high Pe
condition. One important item is that the minimum non-
dimensional concentration on the surface of the membrane
should be less than 0.1 to guarantee the perfect ﬁltration of
saline water by using only the surface charge eﬀect. As
previously discussed, sodium ions are spatially distributed in a
pattern normal to the charged surface. The theoretical analysis
shows that most of the ions are rejected in front of the charged
surface of the membrane by the Donnan exclusion principle
because the electrostatic interaction between the charged
surface and ions is dominant, while the steric eﬀect appears
to be less important.16
Water ﬂux and the salt rejection rate through a membrane
are two important factors governing the performance and
eﬀectiveness of the membrane. The water ﬂux through a
membrane was determined by measuring the volume change in
the permeated water over a unit time. The water ﬂux was
maintained in the range of 7.60−7.69 L/m2·h for 3 days. The
salt rejection rate of the PAH−PSS membrane was estimated
by measuring the electrical conductivity of the permeated water
using the equation for the salt rejection rate, (c − c0)/c0 × 100.
The calculated salt rejection rate was maintained at
approximately 96.5% for 3 days (Figure 3E). The stable
water ﬂux and salt rejection rate indicate that fouling problems
do not occur during the experiment. In addition, the eﬀect of
fouling on the changes of the membrane surface was observed
using a scanning electron microscope. After the membranes
were dried in a fume hood, the surface morphological
characteristics of an unused PAH−PSS membrane and that of
the membrane used 3 days were compared. As shown in Figure
S4, the edge of the pores in the used membrane was maintained
without any noticeable changes even after continuous ﬁltration
for 3 days. This implies that the PAH−PSS does not have a
recognizable fouling eﬀect on the membrane surface. This
result clearly demonstrates the robustness of the proposed
membrane and its potential for spontaneous ﬁltration of saline
water at very low cost. In Figure S3, the water permeability and
salt rejection rate of the various membranes are compared17
(MFI zeolite,18 commercial polymeric seawater RO,19 brackish
RO,19 high-ﬂux RO,19 and nanoﬁltration19), including the
PAH−PSS membrane tested in this study. The present results
are similar to those for the high-ﬂux RO and nanoﬁltration
cases. However, the proposed PAH−PSS membrane is easier to
fabricate compared to other more conventional membranes, as
the modiﬁcation of the surface ζ-potential for a membrane is
relatively simple. In addition, the use of relatively larger pore
sizes results in higher water permeability. Although suction
pressure was applied to the membrane in this experiment, the
present results would eventually be used to devise a highly
eﬃcient, portable, and energy-free desalination system.
CONCLUSION
A spontaneous ﬁltration membrane inspired by mangrove roots
is proposed in this study. Based on the desalination
characteristics of mangrove roots, highly charged membranes
are fabricated using PET, PAH, and PSS. The PAH−PSS
membrane has several advantages, including a simple
fabrication process, high ion rejection rate, strong durability,
and antifouling properties. In addition, the permeation rate of
the PAH−PSS membrane is improved by a factor of 10,
compared to that of seawater RO (Figure S3). Since the
fabricated PAH−PSS membrane has a relatively larger pore
size, the water permeability is much higher and the hydrostatic
pressure required to operate the ﬁltration system is much less
than that required for seawater RO. It is also possible to operate
this ﬁltration system without an external electric power source
by applying suction pressure to the membrane with an
appropriately designed reservoir structure.
When the ﬁltering process was repeated several times, the
proposed membrane would successfully desalinate the natural
seawater scooped up from the seaside of Pohang (Korea)
(Figure S5). The concentration of the ﬁltered water was
decreased from 312 to 3.7 mM after 10 ﬁltration times. The
water ﬂux and salt rejection rate of the PAH−PSS membrane
are fairly stable, having endured repeated testing over 3 days,
irrespective of the increase in the concentration of the sodium
chloride solution. Conclusively, this study demonstrates that
the PAH−PSS membrane can be used as a high-performance
ﬁltration membrane for seawater desalination (Figure 1B). This
membrane is suitable for use in the design of small-scale,
portable, and energy-free desalination devices.
The present results are useful not only for understanding the
underlying desalination mechanism of mangrove roots but also
for providing the experimental data required to develop a
biomimetic desalination device. The biomimetic desalination
technology proposed in this study would ultimately be used for
eﬀectively resolving the serious water shortage problems facing
humanity in the near future.
MATERIALS AND METHODS
Membrane Preparations. To mimic the electrokinetic character-
istic of mangrove roots, PET-based membranes (Sterlitech Co., Kent,
USA) were treated to have a surface ζ-potential range similar to that of
mangrove root surfaces.20 To increase the magnitude of surface ζ-
potential of the membrane, a layer-by-layer deposition method
utilizing electrostatic forces was adopted by applying an appropriate
amount of polyelectrolytes from PAH and PSS solutions (Figure 2A).
The prepared PET-based membranes were rinsed with deionized
water, methanol, and hexane for 2 h each and then immersed in a 1 M
NaOH aqueous solution for 20 min. As a result, a carboxylation PET
membrane was obtained. The carboxylate-terminated membranes were
immersed in a 1 mg/mL PAH solution. This membrane is known as
the PAH membrane. Thereafter, the PAH membrane was dipped in a
1 mg/mL PSS solution. It is referred to as the PAH−PSS membrane.
X-ray Nano-CT. The 3D morphological structures of the fabricated
membranes were observed using X-ray nano-CT at the beamline using
6C Bio Medical Imaging with a Pohang Light Source-II. A 13 keV
monochromatic beam was used for illumination, and the transmitted
X-rays were registered by an X-ray imaging microscope (Optique
Peter, Lentilly, France) located 12 mm behind the sample. The
microscope had a 6 μm thick terbium-doped Lu2SiO5 (LSO:Tb)
scintillator (FEE, Idar-Oberstein, Germany), a 40× objective
(UPLSAPO40X2; Olympus), and a scientiﬁc CMOS camera (Zyla;
Andor, UK). The ﬁeld of view was 0.41 mm × 0.35 mm, and the
eﬀective pixel size was 0.16 μm. For CT, the sample was rotated on an
air-bearing rotary stage (ABRS-150MP-M-AS, Aerotech, Inc.,
Pittsburgh, PA) over 180°, and its angular projections were recorded
every 0.45°. CT reconstruction and quantitative analysis of the 3D
images were performed using Octopus with phase retrieval support
(inCT, Gent, Belgium) and Amira (FEI, Hillsboro, OR), respectively.
Theoretical Analysis. In general, the transport of ions along the x-
axis is governed by the Nernst−Planck equation:
∂
∂
= −
∂
∂
c
t
J
x
i i
(2)
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where t is time, ci is the concentration of the ith species, x is the
longitudinal position, and Ji is the ionic ﬂux of the ith species. The
ionic ﬂux consisting of convection, diﬀusion, and migration terms can
be expressed as21
ψ= − ∂
∂
− ∂
∂
+J D c
x
z FD
RT
c
x
c ui i
i i i
i i (3)
where Di is the diﬀusivity of the ith species, R is the gas constant, T is
the absolute temperature, F is the Faraday constant, ψ is the electric
potential, and u is the ﬂow velocity in the x direction. Combining eqs 2
and 3 leads to
ψ∂
∂
= ∂
∂
− ∂
∂
− ∂
∂
+
⎧⎨⎩
⎫⎬⎭
c
t x
D
c
x
z FD
RT
c
x
c ui i
i i i
i i
(4)
At steady state, eq 3 can be simpliﬁed to
ψ= − ∂
∂
− ∂
∂
++ +
+ + +
+ +J D
c
x
z FD
RT
c
x
c u
(5)
and
ψ= − ∂
∂
− ∂
∂
+− −
− − −
− −J D
c
x
z FD
RT
c
x
c u
(6)
for 1:1 electrolyte solutions. To avoid complex analytic solutions, we
assumed electroneutrality (c+ = c− = c), a ﬁxed diﬀusivity for each ionic
species (D+ = D− = D), and no anion ﬂux through the membrane.
Accordingly, eqs 5 and 6 are therefore simpliﬁed to
ψ= − − ++J D
dc
dx
FD
RT
c
d
dx
cu
(7)
and
ψ= − + +D dc
dx
FD
RT
c
d
dx
cu0
(8)
Combining and subtracting eqs 7 and 8 gives
ψ= −+J
FD
RT
c
d
dx
2
(9)
and
= − ++J D
dc
dx
cu2 2
(10)
For additional simpliﬁcation of the above equations, nondimension-
alization is conducted by
ψ ψ̃ ≡ ̃ ≡ ̃ ≡ ̃ ≡ ≡+x x
L
c
c
c
F
RT
J
LJ
Dc
Pe
uL
D
, , ,
2
,
0 0 (11)
As a result, eqs 9 and 10 may be rewritten as
̃ = − ̃
̃
+ ̃J dc
dx
cPe
(12)
and
ψ̃ = − ̃ ̃
̃
J c
d
dx (13)
To solve these partial diﬀerential equations, proper boundary
conditions are needed. By reﬂecting the experiment conditions of
the present study, eqs 12 and 13 are solved using
̃ = ̃ −
̃ ̃⎛
⎝⎜
⎞
⎠⎟c J
J Pex
Pe
Pe
exp( )
exp( )
/
(14)
and
ψ ̃ = − ̃ + ̃ − −Pex Pe xln(exp( ( 1)) 1) (15)
with c ̃ = 0 and ψ̃ = 1 at x ̃ = 1.
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